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I. INTRODUCTION AND EXECUTIVE SUMMARY

As the complexity, expense, and size of spacecraft increase, the need
to understand and predict the effects of the space environment (both
ambient and induced) on spacecraft performance increases. Such an under-
standing is necessary to permit spacecraft hardware and operations to be
designed to guarantee sufficient useful lifetime of the system. In addi-
tion to the deleterious effects of the space radiation, charged particle,
and neutral environments, self-contamination of spacecraft surfaces has
long been recognized as potentially limiting the performance, and even the

useful life, of a spacecraft.

Among the most contamination-sensitive areas of any spacecraft are the
heat radiators, which are often mosaics of fused silica second-surface mir-
rors. Accretion of contaminant films on a radiator increases its solar
absorptance (alpha), thereby causing a temperature rise in the whole
vehicle. Figure 1 indicates the wide variation in the alpha degradation

L Differences in the radiation

rate exhibited by satellite radiators.
environments of the various vehicles' orbits may account for some of this
variation; however, the dominant factor is most likely the variation in the

contaminant accretion rate.

In the past it was considered that cold surfaces, or at least surfaces
at temperatures below those of the contaminant molecule sources, were most
likely to accumulate contaminant layers. The observation of a high alpha
degradation rate on the Satellite Data System (SDS) vehicle's radiator was
surprising because the radiator was sunlit, causing it to be warmer than
most potential sources of contamination. The best theory of this un-
expected warming is that sunlight causes photochemical deposition of
contaminants on fused silica, thereby increasing the radiator solar
absorptance.

Evidence for such a deposition process was obtained from the United
States Air Force (USAF) Space Test Program vehicle P78-2, commonly known as
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the Spacecraft Charging at High Altitudes (SCATHA) spacecraft.
experiment on the spacecraft included a pair of temperature-controlled
quartz crystal microbalances (TQCMs) that measured the temperature-
dependent rate of contaminant accretion on the spacecraft's surface. The
SCATHA vehicle is a spin-stabilized (at a nominal attitude of 90 deg)
satellite in an approximately geostationary orbit. One of the TQCMs was
located on the spinning "bellyband" of the spacecraft; the other was on the
top platform. The bellyband TQCM is sunlit for a portion of the satellite
revolution, The top TQCM is always shadowed. The shadowed TQCM has a
portion of the main satellite antenna in direct line of sight. The sunlit
sensor has only a small view of some experimental hardware, at a great
distance. Thus one might expect the shadowed sensor to experience more
direct flux of outgassed contaminants.

Figure 2 indicates that the sunlit sensor accumulates mass at a

! Figure 3 indicates

substantially higher rate than the shadowed sensor.
the temperature history and the mass accretion history of the sunlit
sensor.3 The mass accumulation rate ¢n the sunlit surface does not
strongly depend on the temperature of the TQCM. In fact, deposition has
been observed on this surface at temperatures that were in excess of the
contaminant source's temperature on the spacecraft. Conversely, the mass
accumulation rate for the shadowed sensor is quite strongly dependent upon
the substrate temperature (see, for example, Table 1 of Ref. 2). These
observations, summarized in Figs. 2 and 3, suggest that solar vacuun
ultravioclet (VUV) radiation accelerates the rate of contaminant deposition
on surfaces of the SCATHA satellite and that an irradiated contaminant has

a greater tenacity than a contaminant deposited on the shadowed sensor.

Additional evidence supporting the hypothesis that UV radiation is
responsible for the accretion of contaminants on spacecraft surfaces was
obtained from two separate laboratory experiments. In one experiment,u
Kruger and Shapiro at the National Aeronautics and Space Administration/
Goddard Space Flight Center (NASA/GSFC), using a mercury "pen-ray" lamp in

a "dirty" vacuum system, detected mass deposition on a TQCM exposed to this

1"
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UV radiation. They did not detect any mass accumulation on a companion
TQCM shielded from UV radiation by a Pyrex filter. The second experimert
conducted by Hayes at Hughes Aircraft, under more controlled conditions,
observed the UV-enhanced photodeposition of volatile materials outgassed

from RTV-511 solar cell adhesive and other materials.1

These laboratory results, along with the SCATHA ML-12 results,
suggested the feasibility of photochemical deposition as the cause of SDS
radiator degradation. However, there was insufficient quantitative rate
data available to draw this conclusion unambiguously. It was estimated
that the SDS radiator surface experienced a total molecular flux of less
than 0.4 ug em™@ h-! {(which would correspond to a molecular arrival rate of
40 A h™', if all the incident flux were to deposit into a film of 1 g cm™3
density), and the relative temperature of the sources and collectors were
such that condensation was not expected to occur. A deposition rate of

approximately 1 ng em™@ n~! (0.1 & h'1) was necessary to explain the rate
of increase in solar absorption of the vehicle radiator.

The initial investigations by Hayes'

were performed with fluxes of
molecules (outgassing from spacecraft engineering materials) much higher
than this expected value. If one extrapolated Hayes's results linearly to
the appropriate molecular arrival rates, then one would conclude that it
was unlikely that photochemical deposition could proceed at a rate
necessary to explain the observed radiator degradation. However, Hayes's
background photochemical deposition rate (resulting from chamber residual

gas) suggested that a linear extrapolation was inappropriate.

The work discussed in this report extended the measurement of absolute
dep~sition rates into the regime of molecular arrival rates expected on
«ry =, Figure 4 is a compilation of the laboratory measured deposition
-cts of model contaminants DC~704 and diethylhexylphthalate [dioctylphtha-
la*~ " 7HP)], for a variety of substrate conditions, in addition to the
resuits of Hayes. From this figure, one can readily discern the nonlinear

dependence of the deposition rate on the molecular arrival rate.
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The box in Fig. 4 represents the range of predicted molecular arrival
rates and deposition rates necessary to explain the observed increase in

solar absorptance of the SDS satellite radiator.1

The deposition rates
measured in this work fall within the predicted range for a realistic range
of substrate temperatures, for two molecules typical of spacecraft outgas-
sing contaminants. Therefore, these results indicate that the unexpected
increase in solar absorptance on the SDS radiator can be ascribed to
photochemical contaminant deposition. These results and data from the
SCATHA ML-123 spaceflight experiment show Quantitatively that solar UV
irradiation does not merely darken or fix previously condensed contaminant
f‘ilms.‘s’6 Solar UV irradiation can also affect the rate at which those
films accrete, similar to photopolymerization reactions observed in other

laboratory e)‘:periments.rl’8

Section II of this report describes the experimental apparatus and
procedures used in this work. Section III presents the results of measure-
ments of absolute rates of adsorption, desorption, and photochemical
deposition of two large organic molecules that are representative of the
sorts of contaminants that outgas frcm nonmetallic spacecraft construction

materials.

These results, and the discussion that follows in Section IV of this
report, show that the photochemical deposition of contaminant films under
the conditions that prevail on sunlit spacecraft surfaces is a competition
between photolysis and desorption of a transiently adsorbed contaminant
precursor molecule. A simple kinetic model in the spirit of the Langmuir
model9 of adsorption on surfaces is presented in Section IV. Using
experimentally measured parameters, this model is reasonably successful in
describing the deposition process.

16




11. EXPERIMENTAL

This section briefly describes the apparatus used to measure absolute
rates of photochemical deposition of organic films under conditions
expected to prevail on sunlit spacecraft surfaces. Procedures are
described that were used to measure the residence time of a potential
contaminant molecule on a surface (in the absence of illumination), the
number of molecules per unit area that make up a contaminant monolayer, and

the rate of (irreversible) photochemical contaminant deposition.
A. APPARATUS

These experiments were performed in an ultrahigh vacuum system
evacuated with a turbomolecular pump and a liquid nitrogen cooled (110 K)
shroud to pressures of about 2 » 10'9 Torr. Thus possible interference

from background contaminants in the chamber was greatly reduced.

Figure 5 is a schematic representation of the experimental apparatus.
The major elements of this apparatus are a temperature-controlled quartz
crystal microbalance (TQCM) for mass detection, a Knudsen cell or effusive
molecular beam source of organic molecules, interchangeable vacuum ultra-
violet (VUV) lamps, and a shutter for switching the molecular beam on and
of f to the TQCM.

One major difference between the experiments described in this report
and some other spacecraft contamination experiments is the use of model
contaminant molecules. Rather than using the outgassing products of
engineering materials as the contaminant flux, molecular beams of pure
materials that represent the kinds of molecules that outgas from spacecraft
materials were used. This made it possible to direct controlled, constant
fluxes of potential contaminant molecules at the test surface. Two differ-
ent model compounds were used: a siloxane (DC-T04) and an aromatic ester
(DEHP). The details of TQCM signal averaging, Knudsen cell calibration,
VUV lamp construction and calibration, and deposition witness samples are
discussed more completely in Appendix A.

17
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B. EXPERIMENTAL PROCEDURES

These experiments were undertaken upon the hypothesis that photo-
chemical deposition is a competition between photolysis and desorption of a
transiently adsorbed molecule. (The algebra of this model is presented in
Appendix B.) Such a picture suggests the utility of measuring not only
photochemical deposition rates, but also thermal desorption rate coeffi-
cients and effective surface site densities (via adsorption isotherm
measurements). The thermal desorption rate coefficient of a molecule is
related to the time a transiently adsorbed molecule resides on a surface.
The surface site density is the total number of molecules per unit area on
a surface completely covered with a layer of adsorbate one molecule thick

(a "monolayer").

Desorption rates, adsorption isotherm, and photodeposition rates were
measured using the two model contaminants: DC-704 and DEHP. The range of
molecular arrival rates selected for the desorption, adsorption, and
photodeposition experiments was based on the data obtained from model
calculations done by the manufacturer of the SDS vehicle. These
calculations estimated that the molecular arrival rate on the satellite
surfaces was about 1 nm h". Most of the experiments discussed in this
report were conducted in the range of 0.2 to 2 nm h'1. The procedures used

to measure these rates are described subsequently.
1. DESORPTION RATES

The desorption rate coefficient, k, (see Appendix B), was measured by
adsorbing about a monolayer of DEHP or DC-704 onto the TQCM surface. (A
monolayer is a mass density equivalent to approximately 2 nm of uniform
film.) Once the desired amount of contaminant was deposited, the apparatus
shutter was closed, and the crystal frequency was measured as a function of
time. The DC-704 desorption rate was measured from an aluminum surface
with photodeposit on it (termed exposed surface). The DEHP desorption rate
coefficient was measured from two surfaces: a platinum surface that was
not contaminated by photodeposit and a platinum surface that had photo-
deposit on it.

19




2. STEADY-STATE ADSORPTION ISOTHERM

The steady-state adsorption isotherm measurements were performed by
first adjusting the Knudsen cell temperature and TQCM temperatures to the
desired levels. The apparatus shutter was then opened, and the molecular
contaminant was adsorbed onto the TQCM until the rate of frequency change
was zero. A series of measurements was made at various molecular arrival
rates at constant TQCM temperatures. The arrival rates were adjusted to
low values to keep the TQCM surface coverage below a monolayer and thus to

minimize effects resulting from bulk adsorption.
3.  PHOTODEPOSITION RATES

Photodeposition rates were measured in a carefully orchestrated
sequence to eliminate possible false readings caused by temperature fluc-
tuations and light interactions with the TQCM. A typical experiment began
with the measurement of TQCM interactions in the dark with the molecular
beam for 48 h. The VUV lamp was then turned on, and the beat frequency was
measured for enough time to provide an adequate signal-to-noise ratio,
typically about 48 h (see Appendix A). In spite of attempts to provide
uniform illumination of the sample and reference electrodes of the TQCM, a
transient perturbation of the beat freguency was often seen when the VUV

light was turned on or off.

During photochemical deposition experiments, the TQCM was surrounded
Wwith passive witness samples of various materials which were used for ex
situ spectroscopic analyses of the deposited films. These witness samples
also provided a test of the effect of substrate identity on deposition
rate.

20




JII. RESULTS

The results of the desorption, steady-state adsorption isotherm, and

photodeposition experiments are presented in this section.

We found that the thermal desorption rates of the DC-704 and DEHP
contaminants could be well described by a first order rate coefficient that
depends on substrate temperature in an Arrhenius fashion. These model
contaminants resided on clean and contaminated surfaces at about 304 K

(without illumination) for about 10° sec.

The steady-state adsorption isotherm and photodeposition experiment
results supported the hypothesis that photochemical contaminant deposition
is a competition between photolysis and desorption of a transiently
adsorbed contaminant molecule. The contaminant deposition rate was
inversely dependent on substrate temperature. Both photodeposition rate
measurements and analysis of witness samples (small coupons of various
material used to determine substrate effects on photodeposition) revealed
that the absolute rate of film accretion depends on the type of substrate

and on the precursor molecule.

A. DESORPTION RATES

First order desorption kinetics were observed. Figure 6 shows a
typical desorption plot--ln(mass) versus time, for DEHP-- from which a
value of k5 is obtained. The interaction energy between the surface and
the DEHP was determined by measuring k, from a series of desorption
experiments conducted at various substrate temperatures. The rate
coefficient was found to depend on substrate temperature in an Arrhenius
fashion (k, = A exp[E,/RT]) (see Figs. 7 and 8). The desorption energies
and pre-exponential factors obtained from the plots in Figs. 7 and 8 are
listed in Table 1.

The desorption energy for DEHP appears to approach the bulk heat of

1

vaporization‘o of 26.3 kcal mole™' as the surface becomes covered with

21
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deposit. The bulk heat of vaporization for DC-704 is 25.8 kcal mole!.1
The desorption energy for DC-704 is somewhat lower than the heat of vapor-
ization, which would indicate that the interaction energy between the
contaminated surface and the adsorbed DC-704 is less than the interaction
energy between molecules in the bulk.

Table 1. Arrhenius Parameters for Thermal Desorption of DC-704
and DEHP from Quartz Crystal Microbalance Surfaces

Ea In(A)

Material Surface (keal mole'1) (sec“)
DC~704 Al (exposed) 18.4 24.4
DEHP Pt (exposed) 28.2 41.6
DEHP Pt (unexposed) 30.8 47.3

Table 2 shows the rate coefficients computed from the Arrhenius para-
meters in Table 1. The rate of photochemical film deposition was measured

on unexposed aluminum, exposed platinum, and unexposed platinum.

Table 2. Computed Thermal Desorption Rate Coefficients for DC-T704
and DEHP at Temperatures Used in Isothermal Contaminant
Deposition Experiments

Substrate Temperature

Contaminant Substrate (K) ko (sec'1)
DC-704 Al (exposed) 306 2.9 x 1073
DEHP Pt (exposed) 302 4.5 x 1073
DEHP Pt (unexposed) 302 1.8 x 1072

25




The mean residence time for a molecule on the temperature-controlled
quartz crystal microbalance (TQCM) surface is approximately the inverse of
the desorption rate coefficient. Thus, at these temperatures, the lifetime
of DC-704 on a contaminated surface is about 300 sec. The lifetimes of
DEHP are about 200 and 50 sec for the exposed and unexposed platinum

surfaces, respectively.

B. STEADY-STATE ADSORPTION ISOTHERM EXPERIMENT

Figure 9 exhibits the slopes of DEHP steady-state adsorption isotherm
measurements for exposed and unexposed platinum surfaces. The slopes of
these "Langmuir" plots indicate the surface site density (Sg), and the
intercept indicates ko (see Appendix B). The results for DEHP on platinum
are given in Table 3. The results indicate reasonable agreement with the
desorption experiment. The desorption rate coefficients are much lower on

the exposed surface than on the unexposed surface.

Table 3. Site Densities and Thermal Desorption Rate -
Coefficients for DEHP Adsorption Inferred
from Steady-State Adsorption lsotherm

Experiments
Temperature Site Density ks
Surface (K) (cm'2) sec™ !
Exposed Pt 302 1.4 « 10" 1.7 x 10°3
Unexposed Pt 302 5.8 x 1013 1.8 x 1072
C. PHOTODEPOSITION RATES

A plot of the data taken during a typical experiment is presented in
Fig. 10. The model for the photodeposition process, presented in
Appendix B, predicts that a plot of the inverse deposition efficiency, e
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(accretion rate/arrival rate), versus the arrival rate, Fo,» should give a
straight line with a slope equal to (k3quso)°1. The intercept should be
equal to (k2 + k3q10)/k3qIOPo, where k3q is the effective photochemical
cross section, I, is the light intensity, Py is the clean surface sticking
coefficient, and Sy is the effective site density. Figures 11 and 12 show

plots of e

versus F, for DC-704 and DEHP, respectively. We have assumed
for these calculations that the mass of the deposit molecule is approxi-

mately equal to the mass of the contaminant molecule.

Table 4 presents the results of a linear regression analysis of the
photodeposition data taken at constant temperature. The expression for the

intercept b can be rearranged to produce

Because all the parameters in Eq. (1) are uniquely positive, there is a
minimum value for PO, depending upon the intercept value obtained for each
contaminant. For DC-704, PO has a minimum value of 0.64; for DEHP, PO has
a minimum value of 0.13. These minimum values correspond to the physically
unreasonable case of an infinite effective absorption cross section. The
true values of Py must be larger than these minimum values. The relatively

large values of the lower limits support the choice of Py = 1 in subsequent

analyses.
Table 4. Linear Regression Results for the Flux Dependence
' of the Photochemical Contaminant Deposition Rate
Substrate
Temperature Slope Intercept Correlation
Material (K) (10710 g2 sec) (Unitless) Coefficient
DC-T704 306 2.86 1.56 0.93
DEHP 302 2.98 7.7 0.98
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Using the independently measured values of k,, and assuming that
Po s 1, one may calculate k3q and Sy from the slope and intercept values in
Table 4. Two values for the site density for DEHP were calculated. Each
value was based on a different value for k, obtained from the desorption
and steady-state adsorption isotherm experiments for an exposed surface.

These values are listed in Table 5.

Table 5. Site Densities and Effective Absorption Cross Sections
Inferred from the Flux Dependence of the Photochemical
Contaminant Deposition Rate

Ko Site Density S, k
Material sec'1 (em™<) (em©)
DC-704 2.9 x 1073 6.8 x 101 7.5 x 10-16
DEHP3 4.5 x 1073 5.7 x 1012 9.7 x 10-17
DEHPP 1.7 x 10°3 1.3 x 1013 3.7 x 10°17

a ky, values obtained from exposed surface isothermal
desorption measurement.

k> values obtained from steady-state adsorption
isotherm measurement.

Recall that the quantity k3q is the effective absorption cross section
of the adsorbed contaminant. The absorption cross section determined for
DC-704 is approximately equal to the bulk absorption cross section at this
wavelength range (130-190 nm).12 No such values for DEHP are known in the
VUV region; however, a comparison of DEHP to polystyrene may be appropriate
because these molecules are quite similar in structure, except that no
carbonyl groups are present in polystyrene. The absorption cross section
for polystyrene is 5 x 10"'7 cm=2 at 180 nw. 13 This value is quite close
to the DEHP values if q £ 1. One would expect the absorption cross
sections for these two molecules to be quite similar in this wavelength
region because light absorption excites electrons in the pi orbitals. The
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densities of the two molecules are approximately the same; therefore, the
numbers of phenyl groups per unit area of the two molecules will be
approximately the same. At the shorter wavelengths (130-150 nm), the
absorption occurs primarily in the C~C and C-H bonds. The absorption bands
of DEHP are extended somewhat further to the near UV because the carbonyl
group is conjugated with the pi orbitals in the phenyl ring.

The rate of deposition does not appear to be particularly sensitive to
the wavelength of radiation below 200 nm. 1In Fig. 17, the data plotted for
DC-704 were taken with two light sources of approximately equal flux,
krypton a-d xenon lamps. Deposition was not observed for illumination at

wavelengths greater than 200 nm.

The photodeposition rate was found to be dependent upon the substrate
temperature. Figures 13 and 14 present Arrhenius plots in substrate
temperature of the deposition rate for DC-704 and DEHP. The apparent
activation energy for DC-T04 over the temperature range of 298 to 323 K is
-13.5 kcal mole~! and for DEHP over the temperature range of 285 to 313 K
is -26.8 keal mole™!, (Of course, these activation energies are valid only
over the measured temperature range. Unlike a positive activation energy,
a negative activation energy cannot prevail in the limit of low
temperature.)

D.  EFFECT OF SUBSTRATE IDENTITY

The X-ray photoelectron spectroscopy (XPS) spectra of the witness
samples exposed to DC-704 in the absence of radiation indicated less than
one monolayer of silicon. The XPS spectra of vacuum ultraviolet (VUV)
irradiated samples indicated a considerable amount of silicon. The amount
of silicon on the irradiated samples depended on the substrate material:
substantial silicon was present on the magnesium fluoride and aluminum
surfaces but not on the gold surfaces. The samples were exposed to the
molecular beam at a rate of 0.4 nm h=! for 50 h. The XPS spectra for the
exposed samples give a lower limit on the thickness of 6 nm. The lower
limit of the film thickness can be determined by the attenuation of the
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magnesium photoelectron signal by the contaminant overlayer. (If the
deposition efficiency were unity, a film of about 20 nm would have
formed.) The silicon thickness on the background sample was less than

1 nm.

XPS also revealed that the oxidation state of silicon had changed as a
result of the exposure of DC-704 to VUV. For silicon in DC-~704, the
binding energy of the photoelectron was measured to be 101.1 eV; in silicon
dioxide, the binding energy is 103 eV.1u The irradiated samples exhibited
a binding energy of 102.2 eV, midway between that of DC-704 and Si0,. The
result clearly indicates that the silicon has undergone a chemical reaction
in which the oxidation state of the atom has increased. The photolysis has
apparently removed some methyl and phenyl groups and increased the number
of silicon-oxygen bonds, resulting in a higher oxidation state. This
conclusion is supported somewhat by the UV spectrum of the irradiated
deposit. The removal of methyl (CH3) groups has been observed by Siegel
and Stewart in their work on the VUV photolysis of bulk DC-70N.15

Auger analysis of the split witness samples graphically illustrated
the effect of substrate composition on the amount of contaminant depos-
ited. These samples were analyzed by Auger depth profiling, during which
the film on the substrate was systematically removed by ion milling using
3 keV argon ions. The results of one measurement of photodeposits on gold
and aluminum witness samples are shown in Fig. 15. The difference between
the sputter times for the silicon signal to reach zero on gold and on
aluminum is quite striking and clearly supports the belief of a substrate
effect on the deposition rate. The estimated film thicknesses, based on
the sputter times, are approximately 4 and 23 nm for the gold and aluminum
surfaces, respectively. The witness samples were exposed to the molecular

‘1. There-

contaminant for 203 h at a molecular arrival rate of O.44 nm h
fore, this measurement suggests that the photodeposition efficiency appears
to have averaged about 0.3 for aluminum. These films were deposited during
studies measuring the effect of substrate temperature on the contaminant
deposition rate. Thus the deposition efficiency is the deposition time-

weighted average for many different substrate temperatures.
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In Fig. 15 the initial silicon signal on gold appears to be the same
intensity as the silicon signal on aluminum, thus giving the impression
that the contaminant concentration is the same on both surfaces. This is
not the case. The Auger analysis enhances the signal of films on sub-
strates with high Z (atomic numbers) relative to substrates with low Z.

The high Z of gold (Z = 79) relative to the low Z of aluminum (Z = 13)
means a relative signal enhancement of about a factor of 2 or 3 for silicon
on the gold substrate. Thus, the difference in the initial concentrations
of DC-704 photodeposit on gold and aluminum is greater than it appears to

be from the depth profiles.

Auger electron spectroscopy (AES), and not XPS, detected silicon on
gold because the withess samples analyzed by AES were exposed for much
longer times to the contaminant and VUV fluxes and because AES is a more

sensitive technique.

The effect of substrate composition on the contaminant deposition rate
of DC-704 was also demonstrated by measuring the rate of deposition on gold
and platinum TQCM electrodes. The rate of deposition was measured with
both substrates at 305 K and exposed to xenon radiation. The results are
shown in Table 6. The deposition rate is about a factor of 3 higher on the
platinum surface than on the gold surface, and the deposition efficiency is

about a factor of 4 higher on the platimum surface.

E. ULTRAVIOLET AND INFRARED ABSORPTION SPECTRA OF PHOTODEPQOSITS

UV and visible absorption spectra of the photodeposits were measured
and compared to the absorption spectra of unphotolyzed molecules.
Figure 16 is the spectrum of the irradiated deposit from DC-TO4 collected
on the sapphire window that covered the TQCM reference electrode.
Figure 17 is the spectrum of the unirradiated DC-704. Note that the
absorption edge of the irradiated material extends well into the near UV
region and that there is a loss of structure in the UV region. The deposit
appeared yellowish brown, indicating some adsorption in the visible portion
of the spectrum. This loss of structure indicates photolysis of phenyl
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Table 6. Substrate Effect on the Photochemical Contaminant Depositiona

Flux Temperature Deposition Rate
Substrate (nm/h) (X) (nm/h) Efficiency
Au 0.58 309 0.016 0.027
Au 0.58 304 0.027 0.047
Au 0.64 308 0.027 0.041
Pt 0.44 306 0.096 0.22
Pt 0.44 308 0.084 0.19

dyenon irradiation.

groups on the DC-704 molecule, resulting in the formation of some carbor-
aceous material. No spectrum was obtained for the deposits from the
phthalate compounds. The assignment of an absolute absorption coefficient
for the contaminant on the sapphire window is difficult because the deposit
thickness is not known, since the deposit is a sum of the depositions from

many runs performed at different temperatures.

The infrared (IR) absorption spectrum of DC-704 photodeposit on
silicon is shown in Fig. 18. For comparison, Fig. 19 shows the spectrum of
an Si blank with no radiation exposure. The presence of photoinduced
deposits on the silicon surface is seen by the presence of Si-0 bonds, as
indicated by the strong band at 1050 cm'1; by methyl groups (-CH3) with
bands at 1300 and 2950 cm‘1; by an Si-phenyl band at 1300 cm'1; and by one

interesting band at 1720 em™ !

, which is the result of a carbonyl group.
The formation of the carbonyl group, which is not present in DC-T704, is
probably the result of the reaction of a photoactivated species with oxygen

in the atmosphere when these samples are exposed to air.
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IV. DISCUSSION

Absolute rates for vacuum ultraviolet (VUV) deposition of organic
films representative of spacecraft contaminants have been measured. 1In the
first section of this discussion, we show that the measured deposition
rates are large enough to explain a real space vehicle anomaly. The second
section describes a very simple kinetic model, based on a competition
between desorption and photolysis of a transiently adsorbed precursor
molecule. The model, which uses experimentally measured parameters, is
reasonably successful in describing the photodeposition process. In the
final section we compare the results of these laboratory expriments with
those of the SCATHA ML-12 spaceflight experiment.

A. COMPARISON OF RESULTS WITH SATELLITE DATA
SYSTEM RADIATOR DEGRADATION

This work was undertaken to ascertain whether photochemical film
deposition could explain the unexpectedly high increase in solar
absorptance of the Satellite Data System (SDS) satellite radiator. The
question was not whether VUV photochemical deposition of large organic
molecules occurs but whether the absolute deposition rate is large enough
to account for the observed radiator degradation. It was estimated that
the satellite radiator surface in question experienced a total molecular
flux of less than 0.4 yug em™2 h™'. The relative temperatures of the
molecular sources and collectors (i.e., the radiators) were such that
condensation was not expected to occur. A contaminant deposition rate of

approximately 1 ng cm"2 h'1 was necessary to explain the rate of increase
in solar absorptance of the vehicle radiator.

The initial investigations by Hayes1

were performed with fluxes of
molecules (outgassing from spacecraft engineering materials) much higher
than this expected value. If one extrapolated Hayes's results linearly to
the appropriate molecular arrival rates, then one would conclude that it

was unlikely that photochemical deposition could proceed at a rate
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necessary to explain the observed radiator degradation. However, Hayes's
background photochemical deposition rate (resulting from chamber residual

gas) suggested that a linear extrapolation was inappropriate.

The work discussed in this report extended the measurement of absolute
deposition rates into the regime of molecular arrival rates expected on
orbit, Figure 20 is a compilation of the laboratory measured deposition
rates of model contaminants DC-704 and diethylhexylphthalate [dioctylphtha-
late (DEHP)], for a variety of substrate conditions, in addition to the
results of Hayes. From this figure, one can readily discern the nonlinear

dependence of the deposition rate on the molecular arrival rate.

The box in Fig. 20 represents the range of predicted arrival rates and
deposition rates necessary to explain the observed increase in solar

absorptance of the SDS satellite radiator'.1

The average insolation of the
SDS radiator surface has been taken into account in the vertical position
of this box. The deposition rates measured in this work fall within the
predicted range for a realistic range of substrate temperatures, for two
molecules typical of spacecraft outgassing contaminants. Therefore, these
data indicate that the unexpected increase in solar absorptance can be

ascribed to photochemical contaminant deposition.

B. DEPOSITION MECHANISM

These experiments were done to test the hypothesis that, under the
conditions of differing molecular flux and surface temperatures appropriate
to actual satellite experience, photochemical deposition is a competition
between photolysis and desorption of a transiently adsorbed molecule. This
kinetic mechanism for the mass accretion by photochemical deposition can be

summarized as
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47




Kk
N
C+ S C (2a)
< K S
2
k3 »
Cs + hv > CS (2b)
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S S

where C is the potential contaminant molecule, S is a surface site, Cs is a
surface-adsorbed contaminant molecule, and B is a photochemically bound
contaminant molecule. The nature of excitation to C; is not specified but
could include, for example, electronic excitation or radical formation by

bond cleavage.

At steady state (dzB/dt2 = 0), with the assumption of constant total
site density (S + Cq + Cs* = Sg), the kinetic model shown in Egs. (2a)-
(2d) predicts an accretion rate of

kQI P oF

(3)
ky+ kyal + PGF /5,

-~

«B/dt =

where q = k) /(ky + k5). [See Appendix B for the algebraic derivation of
Eq. (3).] The results of the photodeposition experiments are consistent
with this kinetic model.

The steady-state behavior of this model, assuming constant site
density and rate coefficients dependent only on substrate temperature,
described very well the isothermal contaminant flux dependence of the
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photochemical desposition rate (see Figs. 11 and 12). The cross sections
ror photoexcitation of the adsorbate, extractea from the data using the
kinetic model, are approximately equal to the bulk absorption cross
sections of the precursor molecules. The "site densities" inferred from
the kinetic data vary by about an order of magnitude, in a range that is
reasonable for adsorbate molecules of the size used in this work. When one
considers that this variation in site densities is obtained from the
coupled slopes and intercepts of two different linearized plots, then such

a variation is not unreasonable.

A similar model involving substrate excitation could be proposed.
However, an analysis of the data using such a model would require the
surface excitation to have an unreasonably long lifetime of hundreds of
seconds and a surprisingly small effective VUV absorptivity for the
contaminated metal substrate. Furthermore, excitation of the substrate by
VUV radiation, resulting in eventual reaction of the contaminant molecule,
is not considered a probable mechanism based on the fact that photodeposit
was observed on an MgF, witness sample. MgF, is transparent to 150 to

190 nm radiation, thus precluding any substrate excitation.

The negative apparent activation energy for photodeposition also shows
that the deposition rate is dependent upon the surface concentration of the
adsorbed molecule. It is difficult to propose any other phenomenon to
account for the negative value for the activation energy. This conclusion
is supported by the dependence of the photodeposition rate on the substrate
composition. This dependence is shown by the lower photodeposition rate on
gold versus platinum and by the greater contaminant film thickness on
aluminum versus gold.

It is useful to examine the degree to which the kinetic model, shown
in Egs. (2a)-(2d), can describe the substrate temperature dependence of the
deposition rate. The available data permit only the simplest implementa-
tion of the model, which assumes that only the rate coefficient for desorp-
tion, k,, is temperature dependent and that it exhibits simple Arrhenius
behavior, independent of surface coverage.
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Figures 21 and 22 show how this temperature-dependent model is used to
describe tne measured deposition rates for ctne two different precursor
molecules, DEHP and DC-704. (Values for P, and k3q were obtained from the
isothermal flux dependence of the deposition rates. The thermal desorption
rate coefficient came from the first-order desorption rate measurements.)
The model describes the temperature dependence of the DEHP deposition rate
much better than that of the DC-704 deposition rate.

A significant difference between the two molecules is that the activa-
tion energy for desorption, E,, of the first adsorbed monolayer of DC-704
was measured to be significantly less than the heat of vaporization, H,, of
the bulk liquid; whereas for DEHP, Ea was slightly greater than H,, . These
discrepancies between E, and H, guarantee that the assumption of simple
Arrhenius behavior of k, will be valid only for low flux and/or high
substrate temperature, in which the steady-state concentration of adsorbed,

virgin contaminant molecules is less than a monolayer.

As the flux is increased, or as the substrate temperature is
decreased, the effects of multilayer adsorption (or bulk condensation)
become more pronounced. For Ea < Hv’ the transition to bulk condensation
results in a sharp decrease in the desorption rate coefficient (and a
concomitant increase in the net deposition rate). For Ea > HV, lowering
the temperature or increasing the flux does not produce such a sharp drop
in k2. In other words, if the flux is high enough, or if the temperature
is low enough, the surface coverage in the absence of illumination does not
approach a steady-state value. Rather, condensation continues, and the
temperature or flux at which this change from steady-state to bulk con-
densation effectively occurs depends on the relative values of E, and H,.

Therefore, it is not surprising that the simple implementation of this
Langmuir kinetic model is more successful in describing the temperature
dependence of photochemical deposition for Ea > H, than for E, < H,. Such
considerations highlight the fact that to be valid over a wide range of
surface temperatures and molecular fluxes, a model of photochemical deposi-
tion should account for the effects of multilayer adsorption. However, if
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one accepts the limitations of its several simplifying assumptions, the
simple kinetic modei can be useful in predicting the magnitude of the
problem presented by steady-state photochemical contaminant deposition on

spacecraft.

C. COMPARISON TO SCATHA ML-12 RESULTS

The inverse temperature dependence of the measured photochemical
deposition rates appears to differ somewhat from the results of the SCATHA
ML-12 experiment. No temperature dependence of the rate of mass
accumulation on the ML-12 belly band TQCM (ascribed to photochemical
deposition) can be discerned from the data®:3 (see Figs. 2 and 3). The
following observations can be made about the difference in ~xperimental
results. The ML-12 sensors are subject to a varying flux of contaminant
molecules because of the slow depletion of contaminant sources and slow
fluctuations in vehicle temperature. In addition, solar illumination is
not constant: it varies with time of the year, with the drifting vehicle
attitude, and with the once-per-minute rotation of the vehicle. These and
other environmental fluctuations result in a "noise" or uncertain., in the
short-term mass accretion rate of at least a factor of 2. This uncertainty
could mask any possible temperature dependence of the ML-12 photochemical

deposition rate.

There is a greater difficulty in comparing our laboratory results to
the ML-12 results: the absolute fluxes and identities of potential
contaminant molecules on the ML-12 TQCM are completely unknown. Even
ignoring the possibility of bulk condensation, the proposed kinetic model
for photochemical deposition predicts a low temperature limit for the
deposition rate, which is reached when ko <« (k3q + PoFc/SO). Indeed, this
model predicts that for any given values of the desorption energy and flux,
there is a relatively wide range over which the deposition is temperature
insensitive. The temperature and rapidity at which this limit is reached
vary strongly with the desorption energy (identity) of the contaminant
molecule and its arrival rate. The "Langmuir" type model predicts that the
limiting low temperature increases monotonically with the desorption energy
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(at constant flux) and that the onset of the low temperature limit becomes

shallower with decreasing flux (at constant desorption energy).

The experiments described in this report used contaminant flux ranges
that were selected on the basis of the relatively high predicted molecular
arrival rates for the SDS radiator surface. The temperature ranges were
chosen so that bulk condensation would not occur. This second criterion
automatically selects temperatures that are above or near the low tempera-
ture limit. Thus, for photodepcsition of a single molecule, one would
expect to observe a substrate temperature effect that could be well charac-
terized by a single desorption energy. There is no such predisposition in
the ML-12 experiment. Therefore, the perceived discrepancy between the
laboratory results and ML-12 results does not necessarily imply that photo-
chemical deposition is not the dominant process accounting for the mass
accretion observed on ML-12. The discrepancy does suggest that the thermo-
chemistry and arrival rates differ substantially between the ML-12 and the

laboratory experiments.

In summary, absolute rates for VUV deposition of organic contaminant
films have been measured. The contaminant deposition rates are large
enough to explain the unexpectedly high rate of degradation of the SDS
radiator. A simple kinetic model using experimentally measured parameters
is reasonably successful in describing the process. These results and data
from the SCATHA ML-123 spaceflight experiment show quantitatively that
solar UV irradiation does not merely darken or fix previously condensed
contaminant films; it also significantly affects the rate at which those
films accrete. Therefore, VUV photodeposition is a viable contamination
mechanism that should be considered whenever spacecraft contamination
predictions or budgets are made.
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APPENDIX A
APPARATUS

All experiments were performed in an ultrahigh vacuum system evacuated
with a combination of a turbomolecular pump and a liquid nitrogen cooled
(110 K) shroud to pressures of about 2 x 109 Torr. Thus, possible inter-
ference from background contaminants in the chamber was greatly reduced.
The experimental chamber configuration, illustrated in Fig. A-1, consists
of a temperature-controlled quartz crystal microbalance (TQCM) for mass
detection, a Knudsen cell, or effusive molecular beam source of model
contaminant molecules, interchangeable vacuum ultraviolet (VUV) lamps for
the radiation source, and a shutter for switching the molecular beam on and
off to the TQCM.

A. TQCM

The keystone of :this experiment was the measurement, by the TQCM, of
mass deposited on the surface in minute amounts (10”8 g cm'2). & doublet
erystal was used with two electrode pairs (a reference pair and a sample
pair) plated onto a single quartz crystal to maintain both electrodes in an
identical thermal environment. The reference pair was shielded with a

sanphire window.

The frequency of oscillation of each electrode pair was nominally
either 5 or 10 MHz, depending on the crystal thickness used. The differ-
ence in frequency between the two electrode pairs generated a beat
frequency, which was obtained by mixing the outputs of the oscillators that
drove the crystals. The frequency of the sample electrode was lowered by
the addition of mass to the surface. The resulting change in beat
frequency was directly proportional to the mass accumulated on the sample
electrode. The mass sensitivities of the 5 and 10 MHz crystals were
1.77 x 10-8 4 em™2 Hz=! and 4.42 x 1079 g cm™? Hz‘1, respectively.

The TQCM electrodes were made from platinum, aluminum, or gold and

were the primary substrate used for photodeposition. The sapphire window

517




ULTRAVIOLET LAMP

TURBO | ===

—
e ae —— —— —

PUMP .

| —

/

LN, SHROUD

SHUTTER

ULTRA HIGH
VACUUM CHAMBER

Fig. A-1. Schematic Representation of the Photochemical Deposition
Apparatus

58




shielded the reference pair of electrodes from the molecular flux but
permitted irradiation by VUV photons. This was done to minimize possible
thermal effects caused by uneven heating of the crystal electrodes by the
VUV radiation.

The TQCM was mounted on a large temperature-controlled copper block,
which prevented large temperature fluctuations during mass deposition. The
block temperature was controlled to * 0.5 K by a time proportional tempera-
ture controller. The fluctuations in the TQCM temperature limited the
ultimate sensitivity of the TQCM. The thermal fluctuations were of two
types: (1) short-term changes over about 1 to 2 min or less and (2) long-
term cyclic changes over approximately 6 h. The maximum temperature
excursions were 1 K for both types of fluctuations. For the 10 MHz
crystal, the temperature changes appear as an effective mass change of 0.9
to 4.4 x 10-8 g/cm'z. Signal averaging over 10 min was used to compensate
for the short-term fluctuations. A linear temperature correction was used

to compensate for long-term fluctuations, using the following expression
F-F,+2 (T - TO) (A-1)

where Fo is the reference frequency for a given experiment at temperature
Ty»
determined frequency-temperature correction factor. This thermal coeffi-
cient for the 5 and 10 MHz crystals ranged from -2.0 to 10 Hz/K.

T is the actual time-dependent temperature, and Z is an empirically

The lower limit of the estimated rate of deposition on the SDS satel-
lite was about 10~ 4 cm=2 h’1, which is within this temperature-induced
noise level. To measure the low deposition rates with certainty, the
crystal frequency was averaged over some fixed time period, typically 5 to
10 min, to reduce the effect of short-term thermal fluctuations. The
deposition was continued until a net mass change occurred equal to twice
that attributed to thermal fluctuations. These averaging operations,
together with application of the empirically determined temperature-
frequency correction, permitted the measurement of deposition rates to as

low as 1079 g em=2 h-t,
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The TQCM was positioned in the vacuum chamber and oriented to permit
the molecular beam and the photon beam to impinge on the surface at angles
of incidence of -30 and +30 deg with respect to the surface normal. The

incident beams intersected each other at the TQCM sample electrode surface.
B. KNUDSEN CELL

The molecular beam was produced by the effusion of the model contam-
inant molecule from a Knudsen cell. The cell was constructed from a 1-in.-
diam copper cylinder. The cylinder had an end plate with an 80-mils-diam
hole through which the molecules would effuse. For these experiments, two
molecules, DC-704 (siloxane) (tetramethyltetraphenyltrisiloxane) and DEHP
[bis (2-ethylhexyl)phthalate], were used as model contaminants. These
molecules were selected because they were representative of two major
classes of compounds found in spacecraft components and on spacecraft

surfaces.A‘1

The structure and associated bond strengths are given in
Figs. A-2 and A-3. These compounds have very well-defined vapor pressure- .
temperature relationships, so the arrival rate of the molecules to the TQCM

could be readily controlled by adjusting the cell temperature.

The impingement rate Fc was determined by cooling the TQCM to 90 K and
measuring the rate of mass increase as a function of Knudsen cell tempera-
ture with the shutter opened. The rate of mass increase is equal to the
impingement rate, if the sticking coefficient for these molecules is unity,
which is likely to be a good approximation because of the very small vapor
pressures of these materials at 90 K. By plotting the change in crystal
frequency as a function of time and using the crystal frequency mass

relation, the impingement rate can be determined.

A series of measurements was made at various Knudsen cell tempera-
tures. Through an extended form of the Clausius-~Clapeyron relation (Fc =
Aexp[AHv/RT]), one can determine the molecular arrival rate for any Knudsen
cell temperature. The actual Clausius-Clapeyron relation equates the vapor
pressure of a fluid to its temperature. We have made the simplifying
assumption that the temperature dependence of F, is contingent only on the
variation of the source material's vapor pressure. If this assumption is
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correct, then a plot of 1n Fc versus 1/T should give a straight line wWith a
slope of 8H, and an intercept of 1n A. The results for DC-704 and DEHP are
shown in Figs. A-4 and A-5, respectively. The values obtained for the heat
of vaporization of DC-704 and DEHP are H, = 23.8 and 27.5 kcal mole™’,
respectively. These values are quite close to the published values for the
A-2,A-3 which, together with the
good fits, support the Clausius-Clapeyron assumption.

heat of vaporization of these molecules,

The computed arrival rates for DC-704 and DEHP at any given tempera-
ture are given by Egs. (A-1) and (A-2), respectively:

Fo(DC-704) = 1.11 x 10%g cn™® sec™! exp(-23.8 kcal mole™'/RT) (A-2)

FL(DEHP) = 1.92 « 108g cm'2 sec™! exp(-27.6 kcal mole'1/RT) (A-3)

These empirically determined molecular fluxes are in excellent agreement
with those predicted from simple kinetic theory and the apparatus geometry,

which Justifies the approximations made in this calibration.

C. RADIATION SOURCE

The radiation sources for these experiments were rare gas resonance
lamps with a spectral output of intensity similar to the solar spectrum for
a particular wavelength range. The lamps were excited in a quarter-wave-
foreshortened coaxial microwave cavity with power coupling and tuning of
the Evenson design.A'u A 2450 MHz magnetron supplied power to the
cavity. These lamps were filled with krypton or xenon to a pressure of
approximately 300 Torr. The moderate pressure broadens the spectral
output, producing a continuum emission over the particular energy range.
The emission spectra of the lamps are shown in Fig. a-6.8-5

The lamps were attached to the vacuum system by ultrahigh vacuum

flanges with the windows extending into the vacuum system. The lamp fluxes

A-6

at the sample, calibrated by carbon dioxide actinometry, were measured

to be 4.9 x 10'2 and 6.9 x 1012 photons em~2 sec™! for the krypton and
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Fig. A-4. Arrhenius Plot (in Source Temperature) of the Deposition Rate of
DC-T704 on a 90 K Quartz Crystal Microbalance. The solid line is a
linear least-squares fit.
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linear least-squares fit.
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Xenon lamps, respectively. These values compare quite closely to the

integrated solar intensity of 9 x 1012 photons cm"2 sec~1 in the 130-190 nm

ol2

range or 2.3 x 1 photons em™ sec™! in the 130-180 nm region.A'7

D. WITNESS SAMPLES

Witness samples were placed around the TQCM to measure the effect of
substrate surface composition on the contaminant deposition rate. 1If the
deposition resulted from adsorption of the contaminant onto the surface
before photolysis, then the difference in surface composition might have an
effect on the adsorption rate and consequently on the overall photodeposi-
tion rate. In addition, witness samples with different VUV absorption
cross sections were used to test for possible substrate involvement in the

photolysis process.

Witness samples were made of polished aluminum disks 1/4 in. in
diameter, either bare or coated with 1000 & of gold or Mgk,. Some samples
were masked during coating so that half of their surface was gold or MgF2
and the other half was aluminum. Such configurations were selected to
minimize any possible variations in deposition rates resulting from
mounting position of the witness samples. These samples were exposed to
the contaminant molecules in the absence and presence of radiation and were
then analyzed by X-ray photoelectron spectroscopy and Auger electron

spectroscopy.
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APPENDIX B
KINETIC MODEL OF PHOTOCHEMICAL FILM DEPOSITION

A kinetic model for the photodeposition process, based on a
competition between photolysis and desorption of a transiently adsorbed
molecule, was used as a guide for experimentation and as a tool for
analyzing the results. The first section of this appendix presents the
kinetic mechanism for the mass accretion of contaminants by photodeposi-
tion. The section also presents an algebraic development of the steady-
state behavior predicted by the mechanism with the assumption of constant

adsorption site density and rate coefficients independent of coverage.

A. PHOTOCHEMICAL DEPNSITION MECHANISM

A simple mechanism for the mass accretion of contaminants by

photochemical deposition can be summarized as

k
—-—T >
C+5S c (B-1a)
(—k—— S
2
k *
C + hv ——§—> C (B-1b)
s s
* ku
CS —~—>B + S (B-1c)
P T (B-1d
s > L -1d)

where C is the potential contamipant molecule, S is a surface site, Cs is a
surface-adsorbed contaminant molecule, and B is a photochemically bound
contaminant molecule. The nature of excitation to C' is not specified but
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could include, for example, electronic excitation or radical formation by

bond cleavage.

At steady state (dzB/dt2 = 0), with the assumption of constant total

site density (S + C5 + C *

s ° Sp), this kinetic model predicts an accretion

rate of

k1k3q10CSO
+ k. C(1 + qk3IO/ku)

dB/dt = (B-2)

k. + k

o + kial

0

where q, the "quantum yield," is ku/(ku + kS) and Iy is the light flux,
The quantity qk310/ku in Eq. (B-2) is, in fact, the ratio of the steady-
state population of CS* to that of Cg. It is assumed that this ratio is
substantially less then 1. Thus

k.k,ql.CS
~ 173770770
dB/dt = (B-3)
K. + k3q10 + k.‘C

All quantities in Eq. (B-3) have dimensions, except for q. The surface
concentrations have units of particles per unit area. Iy has units of
photons per unit area per unit time. The rate coefficients k5, kj, and kg
have units of frequency (reciprocal time). The rate coefficient k3 has

units of area.

The quantity k.C is readily understood by considering that, at time
zero, when the surface is clean, the rate of accretion of adsorbed
contaminant is given by

dCs/dt = k1CSO = POFc (B-4)

where F, is the incident flux of potential contaminant molecules (in

particles per unit area per unit time) and Pg is the probability that a
molecule striking an unoccupied surface site will stick to the site. For
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this model, it is assumed that this "sticking coefficient" is independent
of the surface coverage; therefore, one can make the substitution k1C =
PoFo/Sgs which yields

k3qIOPOFc

dB/dt = (B-5)
K. + k3q10 + PoF /S,

If one defines the reaction efficiency, e, to be {dB/dt)/F then a plot of

c!
the reciprocal of the reaction efficiency versus Fc should be a straight
line

k2 + k3qlo Fc

-1
e”' = + (B-6)
k3qIOPO k3qIOSO

B. STEADY-STATE ADSORPTION ISOTHERM

The steady-state behavior of the propcsed mechanism in the absence of
illumination is analogous to the Langmuir adsorption isotherm of a gas
adsorbed onto surfaces under equilibrium conditions. The steady-state

solution of Eq. (B-1a) yields

= - (B-7)
Therefore, a measurement of the steady-state mass accumulation (in the

dark, with constant molecular flux) will provide a measure of the surface

site density and desorption rate coefficient.
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